This review provides the first overview on the isolation and structure elucidation of a class of isopimaric diterpenes: virescenols. An important part of this review deals with the structural modifications of virescenols leading to several different natural product frameworks.
Virescenol A (1) and B (2) were the first of these natural products to be isolated [2, 3] . These compounds were determined to posses an isopimaric skeleton, characterized by the presence of a vinyl moiety at C13, a primary alcohol and three angular methyls (19-hydroxy-isopimar-15-en, Figure 1 ) [4, 5] . Furthermore they have an endocyclic double bond mostly involving carbons 7 and 8, but as shown recently also between C8 and C9 or C8 and C14. According to the position of the endocyclic double bond we can classify natural and synthetic compounds as belonging to Δ 7 , Δ 8,9 and Δ 8,14 series.
Isolated structures
Most of the compounds isolated until now present a hydroxyl function at C3 and some also have another hydroxyl group at C2. The polar fraction of the extracts of the mushrooms contains glycosides (virescenosides) whose acidic hydrolysis gave aglycones (virescenols). (Figure 2 19-Norpimarane derivatives are quite unusual and only two other such compounds have been reported in addition to 16 [16] .
Δ 8,9 Series
A. striatisporium is a source of virescenosides with an isomerized double bond. In the Δ 8,9 series we found virescenosides M (17) [17] , N (18) [17, 18] , P (19) [11] and T (20) [10] . It is interesting to note that all these compounds show an oxidation at C7.
Δ 8,14 Series
A. striatisporium produces different oxidizedisomerized compounds in which the double bond is between C8-C14 and the oxidation involves C7 (Virescenosides O (21) [11] , S (22), U (23) [10] , V (24) and X (25)) [12] .
As seen from the above formulas, most of the virescenols have been isolated as glycosides. It is very interesting that, apart from virescenoside Q (12) in which the sugar is represented by the "common" β-D-mannose, all the other isolated compounds contain new and unusual sugars. (Figure 3 ). Virescenoside A (3) is the first terpenic altroside isolated. The nature of the new sugar has been determined by analytical and spectroscopic methods and confirmed by synthesis starting from α-Dglucose [19] . Acremonium species seem to be a very good source of altrose (26) as it is present in almost all of virescenosides. Virescenosides F (7) and G (8) are the first and, as far as we know, the only terpenic glycosides containing altruronic acid (27) as the sugar moiety.
Virescenosides E (5), D (6), L (9) and H (10) are characterized by an anhydroaltrose (28) that in compounds 5 and 6 has the primary alcohol oxidized to an aldehyde (29) .
Sources
Virescenols are the aglycones of several glycosides isolated from two different species of fungi of the genus Acremonium: A. luzulae (Fuckel) Gams and A. striatisporum (Onions et G.L. Barron) W. Gams.
A. luzulae is a deuteromycete of the Moniliaceae family, isolated from the dead branches of the mulberry bush. The fungus was grown at 23°C in a stationery culture for a period at least of 10 days. The preferred organic media for the production of glycosides is an aqueous decoction of glucose-carrot.
The pH of the culture should be basic, preferably within the range 8.6 to 8.8 by adding sodium hydroxide. At the end of the incubation period the cultures are lyophilized and extracted with ethanol. The ethanol extract is slowly cooled and virescenosides F (7) and G (8) form a precipitate and can be separated by filtration. The filtrate is dried and purified by column chromatography [20] .
A. striatisporum was isolated from superficial mycobiota of the sea cucumber Eupentacta fraudatrix. The fungus was grown stationery at 22°C for 21 days in a medium containing rice, yeast extract and KH 2 PO 4 and seawater. At the end of the incubation period the mycelium and the medium were homogenized and then extracted with a mixture of chloroform-methanol (2:1). After evaporation of the solvent, the residue was purified by column chromatography [17] .
Biosynthesis of Virescenols
The first study of terpene biosynthesis using 13 C NMR spectroscopy was carried out virescenols A (1) and B (2) [21] .
. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Biosynthetic studies carried out using 13 C-marked precursors offer some advantages over radioactive precursors. The positions of carbon atoms enriched by 13 C can be determined by 13 C NMR spectroscopy without recourse to systematic degradation. Addition of sodium [1-13 C]acetate and sodium [2-13 C]acetate to a culture of A. luzulae led, after workup to labeled virescenols A and B, and the 13 C NMR spectra showed intense signal enlargement of the carbons portrayed in Figure 4 . These results fit the theory of terpene biosynthesis [22] .
A further study of virescenols A and B using doubly labeled sodium [1,2-13 C] acetate established the biogenetic origin of the substituents at C-4. The 13 C NMR spectrum of virescenol B from these cultures, displayed triplet signals, where the central peak corresponds to naturally abundant 13 C while the two side peaks are from the 13 C-13 C spin-spin coupling of the doubly marked acetic acid incorporated via mevalonic acid as indicated in Figure 5 . Only the peaks for C1, C7, C12 and C18 were not coupled, indicating that they arose from C2 of mevalonic acid ( Figure 6 ). Hence, it was concluded that the axial C19 carbinol carbon arose from the methyl group of mevalonic acid [23] .
Another intriguing point in the biosynthesis of the pimarane and isopimarane skeletons is the mechanism of the C ring closure starting from labdadienyl pyrophosphate 30 [24] (Figure 7 ). 
Studies established that in the biosynthesis

Chemistry of virescenols
The high number of functional groups present in the virescenols make them good starting materials for a number of syntheses. Many of these involve the conversion of the isopimaric skeleton to natural diterpenic compounds differing in A ring functionalization. Furthermore, the vinyl side chain has been used to build tetracyclic systems such as steroids. A great deal of synthetic work has been done using diazocarbonyl decomposition for the preparation of new carbon-carbon bonds in nonactivated positions.
Synthesis of virescenol B from virescenol A
One of the first reactions performed on virescenols is the conversion of virescenol A (1) into virescenol B (2) [26] (Scheme 1). 
Synthesis of 8β-hydroxyisopimar-15-ene from virescenol B
8β-Hydroxyisopimar-15-ene 43 is a natural isopimaric derivative isolated from Dacrydium colensoi [30] .
HO OH OH 43 Lithium in ammonia reduction of β-epoxide 44b, obtained by mCPBA oxidation of virescenol B acetate (45) in mixture with the α-isomer, gave a compound identical with an authentic sample of 43 [31] . 
Skeletal correlations
It has been suggested that the pimarane carbocation 31 could be the biogenetic precursor of several other frameworks such as those of sandaracopimarane 46, cleistanthane 47 and cassane 48. 46 
48
Virescenols, particularly virescenol B (2), have been selected as the semisynthetic precursors for the conversion of the isopimarane skeleton into different systems.
Isopimaric→Sandaracopimaric conversion
One of the first synthetic approaches has been the isomerization of the Compound 49 also has been obtained, as a 1:1 mixture with the isomeric alcohol 51, by acidic opening of the α-epoxide 44c prepared from 45 by treatment with mCPBA [33] . It is interesting to note that the β-epoxide 44d upon the same treatment gave the diene 52. In an attempt to reduce the hydroxyl group at C7, compound 49 was subject to tosylation but underwent dehydration to give diene 53. Lithium in ammonia reduction of 52 yielded a mixture of compounds in which the desired compound 50 was the minor one [34] . 44d gave 53 and ketone 54a (major) [35] . Wolff-Kishner reduction of 54a and acetylation afforded isopimar-15-en-3,19-ol diacetate 54b [34] . The sandaracopimaradienic compound 50 was obtained by lithium in ammonia reduction of acetate 55 and acetylation of the resulting iso-virescenol B [36] .
Isopimaric→Cassane conversion
The preparation of the cassane system (e.g. 56, cassane acid) was firstly attempted by inducing the 1,2-shift of the methyl group by acid treatment of the allylic alcohol 49 [37] . On treatment of 49 with sulphuric acid the diene 53 was obtained. These results confirm that the 1,2-migration of the C13 methyl group to C14 is a highly unfavorable process, probably as a consequence of the insufficient driving force of the formation of a Δ 8-14 -7-oxo [38] or hydroxyl system. 
Isopimaric→Steroid conversion
Preparation of D-nor steroidic system
Among the many modifications to which the steroidal skeleton has been subjected, only a few have been concerned with the contraction of the D-ring to a four membered ring [39] . It has been reported that pimarene 57a could be transformed into a D-nor steroid system using acid decomposition of the diazocarbonyl compound 58a. The mixture of the isomeric cyclobutanones (59a and 59b) has been converted quantitatively into the more stable cyclobutanone 59b [40] . (Scheme 3) Diazoketone 58b, obtained from 57b by acid treatment, gave a mixture of compounds 60 and 61. 
Preparation of steroid systems
According to these cyclization results, the cyclopentane perhydrophenantrene skeleton can be obtained from a homodiazoketone such as 74a, prepared from virescenol B acetate 45.
Dirhodium tetraacetate decomposition of 74a, led to compound 75, whose structure was confirmed by its preparation in a different way. (Scheme 5). Photooxidation of compound 74b, and reduction of the resultant hydroperoxide, gave the hydroxyl ester 76.
Heating the latter in the presence of triethyl orthoacetate and propionic acid produced the ester 77, whose Dieckmann condensation under the influence of tBuOK, reacetylation and aluminainduced hydrolysis and decarboxylation, afforded a compound identical in all respect with compound 75 [44] .
Compound 75 was also obtained, together with ketone 78, by rhodium acetate decomposition of diazoketone 74c [42] . Osmium tetroxide oxidation of 41a gave triol 81 whose photooxidation followed by sodium iodide reduction led to the tetraol 82. 
Ring A modifications
The high functionalization of ring A of virescenols and the presence of a neopentyl alcohol attracted the attention of researchers. One of the first reactions performed on ring A of virescenols involves virescenol C tosylate 84. It has been reported that tosylate 85 by treatment with base gave a mixture of 86 and 87 in which compound 87 was the major The reversed distribution of the products could reflect the steric hindrance in 88 between the axial methyl group at C10 and the methylene of the cyclobutanone ring [49] . If enolate 94 is prepared instead of 91, compound 89 is only the minor product of the reaction, with the cyclopropyl derivative 95 being the major one [51] . Hydroxycyclopropane 95 is very sensitive to air and readily gives the peroxide 96 in equilibrium with the corresponding hydroperoxide 97 on standing. Compound 98 possesses the rearranged A-ring framework present in cafestol 103 [53] . The formation of a tetrahydrofurane system (105) has been obtained by lead tetraacetate and iodine oxidation of 104 [54] . The same reaction has been applied to compound 106a, obtained from virescenol A benzylidene (33a) following the synthetic pathway described in Scheme 7 [55] .
Lead tetraacetate-iodine oxidation of 106a gave selectively compound 110. The structure of compound 110 was proved by spectroscopic analysis in comparison with those of the isomeric compound 111, prepared according to Scheme 8 [54] .
If the oxidation reaction is carried out using 106b as the starting material, no heterocycle formation is observed and the product of the reaction was the diiodohydrin 114a, that on standing is completely transformed into the iodohydrin 114b. 
Synthesis of diterpene 15,16-diols
The naturally occurring tricarbocyclic diterpenes of the pimarane skeletal type contain an increasing number of 15,16-diols. Whereas the stereochemistry of the rigid framework and the substituents attached thereto could be readily determined by spectral methods, the C15 stereochemistry in many cases has remained obscure. The vinyl group present in virescenols has been used to prepare 15,16-diols, that were transformed into rigid tetrahydrofurans that were investigated by 13 were too similar to be of stereochemically diagnostic value, the shifts of the rigid systems (117 and 118) revealed strong changes especially for carbons 12, 14, 15 and 16 [56] .
The preparation of diols by osmium tetraoxide reaction of the allylic alcohol 49, derived from virescenol acetate 45, gave an inseparable mixture of tetrahydrofuran systems 119a and 119b. Oxidation of the mixture and Wolff-Kishner reduction of the ketone 119c, gave tetrahydrofuran 119d. Reduction of 119c with tri-sec-butylaluminum hydride afforded selectively alcohol 119b [57] . 
Biological activity of Virescenosides
Fassi in 1951 showed antibiotic activity of an Oospora virescens culture, but was unable to isolate the active compounds [1] . Later Cagnoli Bellavita tested virescenosides A-H for their antimycotic activity in vitro at different doses toward mushrooms, such as Aspergillus fumigatus, A. flavus, Mucor corymbifer, Candida albicans, and Cryptococcus neoformans [58] .
Virescenoside D (6) was an effective antimycotic agent. Virescenosides A-C (3, 4 and 14) and M-P and S-U (17-23) showed a cyctotoxic effect against tumor cells of the Ehrlich carcinoma. Virescenosides A, B, C, M and N showed an IC 50 = 10-100 μM [17] , virescenosides O-Q an IC 50 = 20-100 μM [11] and virescenosides R-U an IC 50 = 25-60 μM [10] . Among virescenosides A-C and M-N, virescenoside C was the most active [17] .
